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Abstract 
Within the framework of the project TESIN funded by the German Ministry of Economic Affairs and Energy, a 
high temperature latent heat thermal energy storage unit is being developed and will be designed, built, commission-
ed and tested in an operating cogeneration plant in Saarland, Germany. This plant provides superheated steam to in-
dustrial process customers from a gas turbine with a heat recovery steam generator. Currently, a secondary boiler is 
operated at minimal load, from which it can be heated to full load in 2 minutes. With the integration of the thermal 
energy storage into the plant, the secondary boiler will be reduced from minimal to warm load operation. In case of 
a failure of the gas turbine, the storage will produce steam for 15 min. while the secondary boiler is heated from a 
warm to a hot operating load. This standby load reduction in the secondary boiler will reduce the use of fossil fuels. 
The steam demand from the thermal storage is for 8 t/h at around 25 bar and a minimum temperature of 300 °C. 
This results in a high power level of about 6 MWth and a necessary storage capacity of 1.5 MWh. At this pressure 
level, the steam is superheated about at least 75 K. The combination of the superheating and the required power 
level has led to a smaller tube distance than in previous storage units as well as a new axial fin design. The basic sto-
rage as well as the fin design combined with nitrate salts as the storage material have been analyzed with simulation 
tools. Detailed design planning, permitting and build of the system are the coming steps in this part of the project. 
The design of these fins, storage unit design and planned integration in the cogeneration plant are presented here. 
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1. Introduction 
The cogeneration plant in Saarland consists of a gas turbine with a heat recovery steam generator (HRSG) and 
two back-up boilers. The gas turbine burns mine gas from the mine gas network existing in Saarland. Due to the 
nature of mine gas, the methane content in the supply sometimes varies. This – and technical issues always possible 
in a heat generator – can result in the gas turbine tripping and the supply of steam to the customer sinking in quality. 
The customer requires a very constant steam quality for the production processes. To ensure this delivery, Steag 
New Energies has a back-up boiler running on minimal load. At minimal load, there is a constant firing of fossil 
fuels. The steam created by this firing is disposed of. In the case of the turbine tripping, this back-up boiler can be 
transitioned to full load within two minutes, during which time the HRSG produces residual steam. With the 
integration of a thermal energy storage unit, the back-up boilers can be reduced to a warm load. At warm load, in 
comparison to minimal load, much less fossil fuel has to be burned in order to keep the pressure vessels at a high 
temperature. From warm load, it takes 15 minutes to transition to full load. During this time span, the thermal 
energy storage will supply the necessary steam to the steam main. This standby load reduction in the secondary 
boiler will reduce the use of fossil fuels. 
2. Methodology 
2.1. Planned integration into the cogeneration plant 
The steam demand for the customer is for 8 t/h at about 25 bar and a minimum temperature of 300 °C. The steam 
is produced in the HRSG using feedwater with an inlet temperature of 103 °C. In order for a thermal storage unit to 
allow the standby boiler to be run at warm load, it has to produce steam from this feedwater at the power level of 
6 MW for a minimum of 15 minutes. The minimally required storage energy capacity is thereby 1.5 MWh.  
Since evaporation is required for discharging, a latent heat thermal energy storage unit has been developed for 
integration. In a latent heat thermal energy storage unit, the storage material undergoes a phase change from liquid 
to solid and back again for discharging and charging, respectively. During phase change, the material supplies or 
stores the latent energy. Each material has its inherent material properties and therefore a set phase change tempera-
ture. The higher the specific capacity of the material, the more sensible energy it can store as well. Ideally, the mate-
rial has a high thermal conductivity, in order to charge and discharge quickly. However, this is often not the case [1]. 
Due to this low thermal conductivity, various designs and storage concepts have been researched and tested [2]. A 
method tested in various storage units at DLR is the use of extended fins to increase the overall surface area of the 
tubes [3]. Extended fins allow for heat to be transferred from the phase change material (PCM) that is far from the 
tube, while allowing the heat transfer medium to be pressurized in a steel tube. Essentially, the design of extended 
fin storages is similar to tube-and-shell heat exchangers, so that a foundation of design knowledge for headers and 
flow can be relied upon. The axially oriented fins analyzed and planned for this storage unit offer potential cost re-
ductions in the assembly and also have thermodynamic benefits. The nitrate salts used as PCMs in the temperature 
range between 140 °C and 350 °C undergo a volume change during phase change [1]. As PCM will melt along the 
axial fins during charging, this liquid PCM provides its own channel for movement to the top of the storage area and 
the volume change in the PCM is no longer critical. 
As shown in the integration schematic in Fig. 1, the storage will be charged with steam from the HRSG and dis-
charged with feedwater.During discharging, feedwater(blue line from the feedwater tank at the bottom right) flows 
into the bottom of the storage, evaporates to steam and is superheated as it rises through the tubes in the storage, 
leaving the storage as superheated steam. Heat is transferred from the storage material to the water/steam, thereby 
leading to a solidification of the storage material. 
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Fig. 1.Schematic of the planned integration of the latent heat thermal energy storage unit in the cogeneration plant. 
The storage unit will be charged using steam from the HRSG. When leaving the steam generator (boxed in grey 
at the left), prior to a water injection that conditions the steam going to the customer to 300 °C, the steam has a tem-
perature of 350 °C and a pressure of 25 bar. The condensation temperature at this pressure level is about 224 °C. To 
use the flow leaving the storage unit during charging, the storage unit and process engineering have been designed 
so that steam exits the storage. This steam can be delivered to the industrial consumer as long as the minimal tempe-
rature 300 °C is held. Part of the steam will bypass the storage unit during charging, and part will charge the storage 
unit. During charging, the amount bypassing the storage unit will be reduced based on the temperature after mixing 
both flows. With this incorporation in the system, the latent heat thermal energy storage unit will discharge latent 
heat, but be charged using sensible heat. 
The storage material has to be properly selected to fit the operating conditions of the process. At a pressure of 
25 bar, the evaporation temperature of water is about 224°C. Hence, the steam is superheated about 76 K. The sto-
rage material sodium nitrate (NaNO3) satisfies the steam requirement for both charging and discharging with a melt-
ing temperature of 306 °C. It also has a relatively large latent heat of 178 J/g [4]. 
2.2. Principal storage design considerations 
The combination of the superheating and the required power level has led to a smaller tube distance than in pre-
vious storage units as well as a new axial fin design with a higher fin fraction and better fin distribution throughout 
the storage material. A PCM storage built and tested in Carboneras, Spain had a capacity of ca. 700 kWh, a peak 
power level of ca. 700 kW[5] and steady-state of 200 kW [4]. This storage unit had a tube spacing of 100 mm and a 
radial fin spacing of 10 mm. A lab scale storage module tested with axial fins in a test rig in Stuttgart with a fin 
length of 1 m and 7 tubes has a capacity of 15 kWh [6]. These tubes were spaced 160 mm apart.  
In order to provide 6 MW of power for the required 15 minutes, both the tube spacing had to be reduced as well 
as the fin geometry revised. After consulting manufacturers, a tube spacing of 70 mm in a triangular alignment was 
chosen as a minimum distance for which efficient welding is possible. Due to this tight tube spacing, a smaller tube 
diameter was chosen. This allows for a higher storage capacity within the same nominal storage volume as well as 
increases flow velocity in the tubes and therefore leads to a better heat transfer. A comparison of the geometries of 
the fins in the storage tested in Caroneras[3], the lab scale storage [6] and the geometry designed for this storage unit 
are shown in Table 1. 
Various iterations of the fin design were simulated and analyzed. The design process is a combination of design-
ing a fin that has a minimum amount of aluminum that is distributed evenly within the hexagonal space between the 
triangularly aligned tubes and assessing if this design can be fabricated. The requirements that lead to a design being 
extrudable are a combination of the width and length of the fins as well as the width and length of the negative areas 
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between the fins. Enclosed areas in the fin cannot be extruded over long extrusion lengths. The efficiency of a de-
sign can be tweaked by adjusting the speed at which a fin is extruded, so that experience and not only mathematical 
optimums have to be relied upon in optimizing a fin design. This process was therefore iterative, with F.W. Brökel-
mann creating fin designs that can be produced and DLR assessing their thermodynamic parameters as heat transfer 
structures. 
A final parameter that was analyzed and adapted in the design stage is the number of tubes. The tube length was 
set at the standard length of 6 m. Therefore, each tube has a set amount of PCM around its extruded fin and therefore 
a set thermal capacity, given the operation parameters for the application. 
Table 1: Comparison of Fin Geometry in Various Storages 
 Carboneras fins Lab scale storage TESIN fins 
Fin type radial axial axial 
Tube spacing in mm 100 160 70 
Fin fraction of total volume in % 7.94 14.1 16.7 
PCM fraction of total volume in % 87.9 84.3 77.9 
Steel tube fraction of total volume in % 1.94 0.62 2.54 
2.3. Simulation methodology 
The basic storage and fin design combined with nitrate salts as the storage material have been analyzed with 
simulation tools. In order to simulate the storage system by justifiable means, several simplifications are made. First 
of all, only a subsystem of the tube register is simulated. The simulation domain consists of one single tube with fins 
mounted on it and the surrounding PCM section. This simplification is justified due to the geometric symmetry of 
all the tube-fin-PCM subsystems. The result is then scaled to the number of tubes in the storage. Hence, it is assu-
med that the flow in the tubes as well as the heat transfer to the PCM is identical in all subsystems. This implies a 
uniform pressure distribution between the tubes and a uniform temperature distribution within the PCM. However, 
the header will lead to a slightly uneven pressure distribution and heat losses to the environment on the storage outer 
walls will lead to an uneven temperature distribution. Since with proper design considerations, these effects can be 
minimized, they are neglected. Natural convection in the liquid phase of the PCM is also neglected in this early 
design stage due to the complexity of a detailed simulation, the uncertainty of existing Nusselt correlations and the 
rather small effect due to the small gaps of the current fin design. 
The subsystem of one tube, fin and PCM is a complex problem of conjugated heat transfer that is difficult to 
model. Different models for the two-phase flow of water inside the tube, the heat conduction in the tube and fin geo-
metry and the heat conduction with phase change in the PCM are needed. Because of this complexity, the storage 
simulation is divided into three steps.In the first step, the detailed heat transfer in a two-dimensional section of the 
tube, fin and PCM is simulated to obtain the heat transfer characteristic of the specific fin design in conjunction with 
a specific PCM. The resulting fields of temperature and liquid phase fraction are shown in Fig. 2. 
In a second step, from the resulting characteristic curve of the average PCM liquid phase fraction over time, a 
simplified model for the PCM and fin compound is derived. The model assumes a material that replaces the PCM 
and fins and that behaves in a similar fashion due to effective material properties. The heat capacity, density and 
latent heat are averaged and the heat conductivity is calculated from the analytical solution of melting in a shell-and-
tube system without fins in such a way that the resulting melting time corresponds to that of the real system. The 
heat conduction problem in the tube, fin and PCM is then calculated again with a simplified one-dimensional model 
that uses the effective material. The results are then compared to the detailed two-dimensional simulation. Since the 
analytical solution only incorporates latent heat and neglects sensible heat, the heat conductivity may be further 
adjusted iteratively until both models have the same melting/solidification time in the results. 
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 a) 17.6 % molten b) 75.9 % molten c) 98,9 % molten  
Fig. 2: Temperature T and liquid phase fractionf from the detailed model at three different stages during melting. 
In a third step, the effective model material properties are used in a simulation of the whole storage system in-
cluding a simplified one-dimensional quasi-stationary two-phase flow in the heat transfer fluid and the two-dimen-
sional-axissymmetric transient heat conduction in the tube, fin and PCM with phase change. In this last step, the 
cycle of charging and discharging the storage can be simulated. A modeling of the storage system behavior is 
possible only due to these simplifications from the detailed design to the simplified model. The model assumptions, 
especially the assumption for effective material properties, may lead to uncertainties. However, deviations are 
considered to be acceptable for the basic design stage. The numerical models have to be further improved and 
validated with results from the experimental storage unit. 
3. Results and discussion 
The iterative development of the fin design resulted in the following geometry in Fig. 3. Using this fin design, a 
storage unit has been planned. The storage unit has 852 tubes, ca. 32 t of storage material and internal dimensions 
for the storage material (excluding headers and insulation) of (length x width x height) 2.5 m x 1.5 m x 6 m. 
 
 
Fig. 3: Digital assembly with resulting fin design. Steel tube shown in dark grey, fin in light grey, PCM in blue. 
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The simulation results of discharging depicted in Fig. 4 show the inlet temperature of the feedwater at a constant 
103 °C in a dashed black line and the outlet temperature of the storage unit during discharging as a solid black line. 
The outlet temperature decreases over time, so that the storage discharge is stopped after 28 minutes when the tem-
perature reaches 300 °C. 
The simulated temperature distribution for the top, middle and bottom level of the storage during discharging 
over time are also shown in Fig. 4. The simulation results are averaged over the cross-section of the storage, which 
is why a flat plateau for the phase change temperature is not visible. Temperatures in the upper level of the storage 
are significantly higher than the melting temperature of 306 °C, showing that the PCM is not fully discharged. App-
roximately 27 % of the PCM is still liquid at this point. However, the PCM at the lower end of the storage is cooled 
much below the solidification temperature of 306 °C to approximately 142 °C. This is due to the feedwater tempe-
rature of 103 °C and the high effective rate of heat conduction from the PCM through the fins to the heat transfer 
medium. 
This design-point discharge time is significantly more than the required 15 minutes. Due to various assumptions 
in the design process and as the storage unit is providing steam to a critical production process, it was decided to 
overdesign the storage to ensure that the steam quality can be delivered the required minimum amount of time. Any 
time longer than the minimum provides the operating cogeneration plant with increased flexibility. The assumptions 
are, for example, that there is a good distribution of the heat transfer medium in both headers during both dis-
charging and charging. The lower header, due to the sensible charging, is filled with water during discharging and 
steam during charging. It is therefore impossible to design for an optimum flow distribution in both cases.  
 
 
Fig. 4: Simulation results of the inlet and outlet temperatures of the heat transfer medium and the temperature distribution over the height of the 
storage unit during discharging over time. 
The simulation results of temperatures during charging are shown in Fig. 5. For the first circa30 minutes, con-
densate will leave the storage unit and will be disposed of. The water evaporates to steam at approximately 225 °C, 
shown as a plateau for approximately one hour after condensation ends. With the start of evaporation, the mixing of 
the bypass and storage outlet steam allows for a nearly constant steam temperature of 300 °C to the customer. Once 
all of the flow goes through the storage, the outlet temperature of the storage and therefore the mixed temperature 
begin to climb. At this point, water injection will reduce the temperature of the steam to 300 °C for the customer.  
The mass flow rates of the storage system during charging over time are also shown in Fig. 5. The division of the 
flow rate into the bypass and through the storage is controlled based on the temperature at the mixing point and 
increases over time until the entire flow rate goes through the storage. The controls in the simulation are ideal. The 
adjustment of the bypass flow rate over time for the physical storage system will be adapted based on the 
temperature measurements during commissioning. The sensible charging results in a longer charging than 
discharging duration by a factor of about 50. As the steam can be used for the customer for the duration of charging, 
this long charging time is insignificant. 
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Fig. 5: Simulation results of the steam inlet and water / steam outlet temperatures, the mixed temperature post-bypass and the storage and bypass 
mass flow rates during charging over time. 
Fig. 6 shows the top, middle and bottom averaged temperatures in the PCM. Here, the phase change plateau for 
both the evaporation on the HTF side at the bottom of the storage and the phase change temperature of the storage 
material are visible. The storage material at the top of the storage barely changes temperature at all. However, this 
energy is necessary for superheating the steam to 300 °C for the entire discharge. 
 
 
Fig. 6: Simulation results of the temperatures in the storage material at the top, middle and bottom of the storage unit during charging over time. 
4. Conclusion andoutlook 
This paper describes the simulation and design methodology for designing a latent heat thermal energy storage 
unit for a specific application and its requirements. Also, the various design considerations for designing a storage 
unit for a running production unit are discussed. The methodology has several steps for reaching a design result. 
This methodology will be optimized for future design processes to reduce the necessary number of steps. The 
operating requirements for the storage unit have been met with the design detailed here. With this critical step 
having been achieved, the detailed design and build can occur. 
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The storage unit design is currently in the detailed engineering phase, in which the headers are being 
dimensioned, the welds engineered and the flange and valve connections to the plant analyzed. The permitting 
process for the storage unit is currently in process, so that the process engineering and possibly the storage design 
may need adjustments after this process. Once the detailed design is set, the thermocouple and other sensory 
equipment can be planned. This will allow for a verification of the simulation models used to design this storage 
unit. 
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